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n the past decade, it has become increasingly evident that CD4 Th cells play pivotal role in CTL immunity. Although this field has received considerable attention, the exact roles of Th cells remain controversial. CD4 T cell help can be classified into two separate temporal categories: During the initial priming phase of the CTL response, and later, during an ongoing CTL response. Although some groups have found that Th cells can enhance priming of CTL responses, particularly for weak Ags (1-3), Th cells are not absolutely required for primary CTL responses (4, 5) . During priming Th cells can provide needed cytokines and growth factors (such as IL-2) to CTL to facilitate their expansion during an acute immune response. In addition, through cytokines and cellular interactions such as CD40L/CD40 Th cells can activate APC to up-regulate costimulatory molecules, surface MHC class I (MHC-I) 3 and class II (MHC-II) molecules, and to produce cytokines such as IL-12, all of which serve to enhance the stimulatory capacity of the APC (6 -8) . It also has been proposed that a direct interaction between CTL and Th cells through CD40/ CD40L could be important for the development of memory CTL, although other groups have shown that these molecules are not necessary (9) . The presence of Th cells during CTL priming is believed to be essential for the formation of CD8 T cell memory responses (4, 5) , although there seems to be some exceptions to this rule (10, 11) .
Th cells also can provide help for the maintenance of CTL responses to both viruses and tumors (12, 13) . In these systems, CTL responses were primed and then followed in the presence and absence of Th cells. The results showed that Th cells were required for full protection during tumor/viral challenge even after CTL priming. Although exact mechanisms for this phenomenon have yet to be defined, Th cells could be facilitating the reduction of the Ag load, altering CTL homing and migration, or providing growth/ survival signals to CTL. Previous work by our group has shown that CTL expansion is enhanced in the presence of Th cells due to direct interactions between Th cells and CTL through costimulatory molecules such as MHC-II, 4-1BB, and CD27 (14) .
In this study, we analyzed the effect that Th cells may have on activation-induced cell death (AICD) of CTL. After the initial expansion phase of the immune response, most T cells die and the host is left with a small, stable, memory T cell population (15, 16) . This Ag-driven death is viewed as a regulatory mechanism to rein in immune responses and return lymphocyte numbers to homeostatic levels. However, AICD can be a double-edged sword. In chronic or high-dose viral challenge models, the immune system is depleted of responding T cells before eliminating the infectious agent (17) . In tumor models, anti-tumor responses can be detected but are unable to eradicate the tumors. In both cases, AICD can bring an ongoing immune response to a premature conclusion. If CTL are unable to clear infected cells or tumor before they themselves succumb to apoptosis, then the infection will continue unabated or the tumor will grow unchecked. In this study, we established an in vitro model system of AICD in which we evaluated the ability of Th cells to prevent CTL apoptosis due to AICD. The results show that the presence of Th cells significantly reduced CTL susceptibility to AICD through a cell contact-dependent mechanism, indicating a novel method by which Th cells are able to help established CTL responses through increased CTL survival. The effect this protective function may have on both CTL maintenance and memory is discussed.
Materials and Methods

Mice
All mice were bred and maintained in a barrier facility at the Mayo Clinic (Rochester, MN). DO11.10, OT-I, C57BL/6, B6.lpr, and B6.gld mice were obtained from The Jackson Laboratory. OT-I.lpr mice were produced, bred, and maintained in our facility. 2C mice were provided by L. Pease (Mayo Clinic). TNFR1 and TNFR2 double-knockout (KO) mice were provided by P. Wettstein (Mayo Clinic). Animals were housed and used in accordance with Mayo Clinic Institutional Animal Care and Use Committee guidelines.
Cytokines, Abs, and other reagents
Recombinant human IL-2 (rhIL-2 (Aldesleukin); Chiron) was purchased from the Mayo Clinic Pharmacy. Murine IL-4, IL-10, IL-15, and TNF-␣ were purchased from PeproTech. Murine IL-12, human (h) LT␣1␤2, LT␣2␤1, and TGF␤1 were purchased from R&D Systems. Murine IFN-␥ was purchased from Sigma-Aldrich. Human IL-7 was purchased from Endogen. 7-aminoactinomycin D (7-AAD), NG-methyl-L-arginine (L-NMMA), and CFSE were obtained from Molecular Probes. Biotinylated Abs to TNFR1 and TNFR2 were purchased from HBT. All purified and flourochrome-labeled Abs were purchased from BD Pharmingen. TRAILFc, TNFR1,2-Fc, and Fas-Fc soluble fusion proteins for neutralization studies were purchased from Alexis Biochemicals. Butylated hydroxyanisole and N-acetyl-L-cysteine (NAC) were purchased from Sigma-Aldrich. MnTBAP, SB203580, Z-VAD-FMK, and Boc-D-FMK were purchased from Calbiochem. All peptides were purchased from A&A Labs, and stock solutions of 20 mg/ml were made in DMSO plus 0.1% trifluoroacetic acid and maintained in aliquots at Ϫ20°C. The following peptides were used in these studies: SIINFEKL (OVA 257-264 ), SIYRYYGL (2C), TEWTSSNVM EERKIVK (OVA 265-280 ), and ISQAVHAAHAINEAGR (OVA [323] [324] [325] [326] [327] [328] [329] [330] [331] [332] [333] [334] [335] [336] [337] [338] [339] 
Generation of T cell cultures
Single-cell suspensions from spleen and lymph nodes of mice were washed once in RBC lysis buffer (0.15 M HCl, 0.1 mM Na 2 EDTA, 10 mM KHCO 3 (pH 7.3)), washed once in medium, and then resuspended in IMDM containing 5% FCS (HyClone), 5 ϫ 10 Ϫ5 M 2-ME, and 10 g/ml gentamicin (all from Invitrogen Life Technologies). Cells from TCR transgenic mice were then cultured in 24-well tissue culture plates at 3-5 ϫ 10 6 cells per well with 5 g/ml their corresponding peptide Ag as well as 50 U/ml rhIL-2. Cells from non-TCR transgenic mice were placed in tissue culture plates coated with plate-bound anti-CD3 and anti-CD28 (1 g/ml each for 3 h at 37°C) and cultured for 48 h. T cell cultures were then transferred to uncoated plates. CD4 and CD8 T cells were purified using magnetic beads (Miltenyi Biotec) or negative selection columns (R&D Systems) and put back in culture in medium containing 50 U/ml rhIL-2. All T cell populations were used for additional experiments 7-10 days after initial activation.
Cytotoxicity assays
For in vitro tumor restimulation, total splenocytes and lymph node cells were mixed, RBC lysed, and restimulated with irradiated EG.7 cells at a splenocytes-to-tumor cells ratio of 10:1 in the presence of 50 U rhIL-2 for 1 wk. These T cell cultures were then tested for their ability to kill 51 Crlabeled, OVA-expressing, and OVA-negative tumors. Target cells were pretreated with 100 U/ml IFN-␥ to up-regulate MHC-I expression for 24 h. Target cells were then washed extensively and loaded with 51 Cr for 1.5 h and washed again before use. Target cells were then incubated with various numbers of effector cells for 4 h. 51 Cr released into the supernatant was analyzed on a Packard TopCount NXT (PerkinElmer).
Intracellular cytokine staining
T cell responses to Ag stimulation were measured by intracellular cytokine flow cytometry using the CytoFix/CytoPerm kit (BD Pharmingen) according to manufacturer's instructions. OT-I cells were placed in culture wells with or without plate-bound K b /OVA for 6 h in the presence of monensin (GolgiStop; BD Pharmingen). Where indicated an equal number of CD4 T cells were mixed with CTL for 2 h before activation with K b /OVA. Surface staining with anti-CD8 mAb (53.6-7) was performed for 20 min at 22°C. Cells were then fixed and permeabilized, and intracellular cytokine staining was performed with anti-IFN-␥ mAb (clone XMG1.2) for 30 min at 4°C. Cells were then washed and fixed with 0.1% formaldehyde and analyzed by flow cytometry.
Apoptosis induction and flow cytometry analysis
Viable, activated T cells were isolated using Lympholyte-M and, as necessary, a subsequent passage through the Dead Cell Removal kit (Miltenyi Biotec) according to the manufacturer's instructions. Where necessary, T cells also were purified using magnetic beads as described above. T cells were then rested for 24 h in medium containing 50 U/ml IL-2. For mixed cell experiments, one cell type was then stained with 0.5-1.0 M CFSE for 10 min at 37°C in medium without FCS and washed with complete medium. Twenty-four-or 48-well plates were coated for 2.5 h at 37°C with K b /monomers at a concentration of 0.2 g/ml unless otherwise noted. When used, inhibitors, cytokines, Abs, and/or Th cells were preincubated with the CD8 T cells for 2 h before transfer to K b /monomer-coated plates. When plate-bound Abs were used, tissue culture plates were coated first with K b /peptide monomers as described and then coated for an additional 3 h at 37°C with 1-10 g/ml purified Ab. A total of 5-10 ϫ 10 5 CTL cells per well was then cultured overnight in the K b /monomer-coated plates in medium containing rhIL-2. Cells were then collected, stained with annexin V and 7-AAD, and analyzed on a FACScan (BD Biosciences). Twenty thousand CD8 T cells were routinely counted for each sample. To compare results between experiments, a normalized value (percentage specific death) was calculated as follows: ((percentage death in sample) Ϫ (percentage spontaneous death))/((percentage maximal death) Ϫ (percentage spontaneous death)) ϫ 100.
Immunization and tumor challenge
Unless otherwise noted, C57BL/6 mice received nine daily injections of 100 g of CpG 1826 (TCCATGACGTTCCTGACGTT) (CpG motifs in boldface) in PBS in the nape of the neck. On day 5, mice received peptide/ protein along with the CpG in an IFA emulsion in the nape of the neck. Mice were routinely immunized with 50 g of CTL peptide or OVA protein, 90 g of appropriate Th peptides. For tumor measurements, mice were challenged at the indicated time points with 5 ϫ 10 4 B16-OVA cells s.c. in the right flank. Tumor growth was measured every 3-4 days once tumors became palpable. Tumor size was measured by two perpendicular measurements of tumor diameter with spring-loaded calipers (The Dyer Company). In accordance with Mayo Clinic Institutional Animal Care and Use Committee policies, tumor-bearing animals were euthanized when tumors became ulcerated, mice became moribund, or when one of the two tumor diameter measurements was Ͼ20 mm. Both euthanasia and death due to tumor are considered equivalent end points.
ELISPOT assays
CD8 T cells were purified using Ab-coated magnetic beads (Miltenyi Biotec), and serial dilutions of the purified T cell cultures were mixed with peptide-pulsed/unpulsed EL-4 cells or with EG.7 cells (OVA-transfected EL4 cells) on plates coated overnight with anti-IFN␥ Ab (Mabtech). ELIS-POT plates were cultured for 48 h, washed gently, and incubated with a biotinylated anti-IFN␥ Ab (Mabtech). Spots were developed using an avidin-peroxidase enzyme kit (ABC kit; Vector Laboratories) with 3-amino-9-ethylcarbazole as a substrate.
Statistical analyses
The p values for all comparisons between two groups were calculated using Student's t test. The lytic activity was compared using a two-way ANOVA. For survival experiments, Kaplan-Meier survival curves were plotted for each experiment and differences between groups were analyzed with the multiple comparison test using the Holm-Sidak method. In all cases, values of p Ͻ 0.05 were defined as significant. [257] [258] [259] [260] [261] [262] [263] [264] ) to induce apoptosis of previously activated CD8 T cells from OT-I TCR transgenic mice. As measured by Annexin-V/7-AAD staining, K b /OVA 257-264 monomers were found to be as effective as anti-CD3 mAb in inducing AICD of activated Ag-specific CTL from TCR transgenic OT-I mice (Fig. 1A) . Similar results were obtained in numerous other apoptosis detection assays, including YO-PRO, a marker of cell membrane integrity; (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl-2H-tetrazolium) MTS cell viability assay, TUNEL, and by detection of activated caspase-3 using either mAbs or fluorescent caspase substrates (data not shown). In contrast with anti-CD3 Abs, which stimulate T cells in an Agnonspecific manner, K b /peptide monomers should, in principle, induce AICD in an Ag-specific manner. Nevertheless, to confirm the Ag specificity of the K b /peptide monomers in the induction of AICD, previously activated CTL from two different TCR transgenic mice, were restimulated with two types of plate-bound K b / peptide monomers. In addition to OT-I cells, we also included in these experiments T cells from the 2C TCR transgenic mice, which recognize the SIYRYYGL (SIYR) peptide, which also is presented by the K b molecule. The capacity of K b /SIYR and K b /OVA monomers to induce AICD in OT-I and 2C T cells was evaluated. As shown in Fig. 1B (Fig. 1C) . The high background death observed in the naive T cell cultures was likely due to a lack of appropriate cytokines and growth factors. These cells were cultured in medium supplemented with IL-2 only, and it is likely that the lack of IL-7 contributed to the reduced viability (18) . Nevertheless, we did not detect increased naive OT-I T cell death in the presence of K b /OVA 257-264 monomer. As shown in Fig. 1D , the use of tumor cells (B16-OVA) instead of plate-bound Ag also caused CD8 T cell death in an Ag-specific manner, indicating that peptide/MHC monomers correctly mimic cellular Ag presentation to effector CTL.
Results
K
AICD in CD4 Th cells is considered to occur mostly via Fas-FasL interactions (19) . On the other hand, there is considerable debate concerning which death receptors are responsible for AICD of CD8 T cells. FasL, TNFR1, TNFR2, and TRAIL have all been implicated to some extent in AICD of CD8 T cells (20 -24) . Additionally, AICD in CTL can occur in the absence of death receptor ligation, by the action of reactive oxygen intermediates (25) and through nonapoptotic pathways (26) . We used two approaches to understand better the role that these pathways could play in the apoptotic cell death seen in our model system. The first approach was to use inhibitors to block specific pathways. In our experimental system, AICD induced by K b /OVA 257-264 monomers could be inhibited by either broad-spectrum caspase inhibitors (CI) or blockers of the Fas/ FasL pathway, while an inhibitor of TNF-␣ (TNFR-Fc fusion protein) had no noticeable effect (Fig. 1E) . Additional inhibitors of cell death pathways also were tested, and the results are summarized in Table I /OVA. CI ϭ BOC-FMK (60 M), anti-FasL (5 g/ml), and TNFR:Fc (5 ng/ml). After overnight incubation cells were collected and analyzed as described. F, Activated CD8 ϩ T cells from wt and lpr mice were restimulated with a suboptimal dose of anti-CD3 (0.1 g/ml) alone (f), with 5 g/ml soluble FasL protein and 1 g/ml enhancer protein (Ⅺ), or with 50 ng/ml rTNF␣ (u). After overnight culture, T cell viability was assessed as described. CTL AICD. In contrast, both NAC, an antioxidant known to decrease FasL expression on T cells, and MnTBAP, a superoxide dismutase mimetic capable of inhibiting AICD in other systems (27) , showed only a modest protective effect, blocking ϳ7% of CTL death. Similarly, other free radical inhibitors, such as butylated hydroxyanisole and L-NMMA, had no appreciable effect on CTL viability. Neither neutralizing Ab to TNF-␣ nor soluble rTNFR proteins were able to protect CTL AICD. We also observed reduced CTL death in the presence of a soluble TRAIL-Fc fusion protein; however, the protection observed was highly variable and did not meet the cutoff for statistical significance (Table I) . We also tested whether the addition of exogenous TNF-␣ or a soluble death-inducing FasL construct could enhance AICD. Activated wild-type (wt) and lpr T cells were restimulated with a suboptimal dose of anti-CD3 mAb in the presence of soluble FasL or TNF-␣. Although TNF-␣ had no effect, the addition of soluble FasL greatly enhanced death of wt, but not lpr, CD8 T cells (Fig. 1F) . We also tested several of these inhibitors using tumor-cells as Ag instead of immobilized K b /OVA monomers with similar results (data not shown). Namely, both neutralizing Abs to FasL and CI blocked CTL death, while the soluble TNFR-Fc protein had no effect. These results provide further evidence that our in vitro system is correctly modeling the death-inducing environment likely seen in vivo between CTL and tumor or infected cells.
Another approach to examine the role of Fas and TNF-␣ in AICD of CTL is to use T cells from mice lacking Fas or TNFR1 and TNFR2 and test their susceptibility to AICD. Because both of the TNFR have been shown to participate in AICD, we used double-KO mice lacking both the p55 and the p75 TNFR. Previously activated CD4 and CD8 T cells from TNFR double-KO mice showed similar sensitivity to anti-CD3 mAb-mediated AICD as cells derived from wt mice (data not shown). To test the role of Fas-FasL interactions, we also used the lpr and gld mice, which have mutations in Fas and FasL respectively (28, 29) . When restimulated with anti-CD3, T cells from both lpr and gld mice show significant reduced apoptosis, compared with the wt controls ( Fig.  2A) . Similarly, CD8 T cells from OT-I mice bred onto the lpr background were less susceptible to K b /OVA monomer-induced AICD than were normal OT-I cells (Fig. 2B) .
Effect of Th cells on CTL AICD
To determine whether Th cells would influence CTL susceptibility to AICD, activated CD4 T cells were added to previously activated CTL, and the mixed cultures were then restimulated with K b /peptide monomers. In these circumstances, we observed that when Th cells were cocultured with CTL there was a marked reduction in CTL AICD (Fig. 2C ). When these experiments were repeated (eight times), the amount of cell death prevented by the addition of Th cells ranged from 25 to 50% of the maximal (data not shown). One explanation for these results was that the presence of Th cells in these cultures reduced CTL death by physically blocking access to the K b /OVA monomers and thus, preventing CTL activation. To test this possibility, CTL were mixed with or without Th cells (1:1 ratio) and then added to 51 Cr-labeled adherent targets (monolayers of B16 or B16-OVA) for a 4-h cytotoxicity assay as described in Materials and Methods. As shown in Fig. 2D , the presence of Th cells in this experiment did not block CTL-mediated lysis, in fact, the lytic activity was significantly enhanced by the presence of Th cells ( p ϭ 0.0006). Th cells do not have direct effects (lysis or up-regulation of MHC-I) on the tumor cells used for this assay (data not shown). Furthermore, IFN-␥ production by OT-I CTL upon restimulation by K b /OVA 257-264 monomers was analyzed by intracellular cytokine staining and showed that the presence of Th cells did not block cytokine production by the CD8 T cells (Fig. 2E) . OT-I CTL also were incubated with and without K b /OVA 257-264 monomers in the presence and absence of Th cells and then stained for T cell activation markers. As expected,CTL activation markers (CD44 and CD69) were up-regulated upon antigenic restimulation, and the naive cell marker CD62L was downregulated. The presence of Th cells in these cultures did not significantly alter the pattern of expression of any of these activation markers (data not shown). Together, these results indicate that Th cells do not block CTL AICD merely by inhibiting CTL activation, cytokine secretion, or lytic effector function. Another possible explanation for the protective role of Th cells for CTL AICD is that activated Th cells express Fas on their surface and could serve as decoys for FasL on the CTL by simply absorbing FasL and thereby masking the death signal. To address this possibility, we generated CD4 T cells from BL/6 lpr mice (which lack functional Fas) as well as from wt mice and tested their ability to protect CTL. As shown in Fig. 2F 
The role of cytokines in the Th cell-derived survival signals to CTL
Having established that Th cells were able to provide a significant survival advantage to CTL by decreasing the level of AICD, we examined some of the potential mechanisms that could be involved. One hallmark of Th cell function is the production of cytokines. Some of these cytokines are known to affect T cell proliferation, differentiation, survival and effector function (30 -34) . Most of the members of the IL-2 family of cytokines (IL-2, IL-4, IL-7, and IL-15) have pro-and/or anti-apoptotic effects on T cells. Additionally, Th cells express a wide variety of costimulatory molecules on their cell surface, and the corresponding ligands for some of these receptors are found on CTL (35) . Th cells in direct contact with CTL could provide costimulation to the CTL while being stimulated by Ag and could affect AICD.
We initially tested whether addition of IL-2 to the CTL cultures would alter their susceptibility to AICD and found that, even at concentrations 100ϫ higher than normal (5000 U/ml), rIL-2 had no appreciable effect on CTL death (data not shown). We also tested numerous other recombinant cytokines (IL-4, IL-10, IL-12, IFN-␥, TNF-␣, TGF-␤, LT␣, LT␤, and RANK) by adding them to CTL cultures shortly before K b /OVA monomer restimulation (Table II). The addition of individual cytokines to T cell cultures did not appreciably affect CTL death. Because testing every combination of cytokines was not feasible, we selected another strategy to further study the role of soluble factors in rescuing CTL from AICD. Aside from regulatory T cells, CD4 T lymphocytes can be divided into two subsets based on cytokine secretion: Th1 cells (characterized by IFN-␥ secretion) and Th2 cells (producing IL-4 and IL-5). The local cytokine microenvironment present at the time of Ag presentation to a naive CD4 T cell will determine which developmental pathway the responding cells proceed down; thus, in vitro generation of Th1 and/or Th2 populations can be produced by the addition of the appropriate cytokines to the T cell cultures (36, 37) . As shown in Fig. 3A , the Th cells typically used in our experiments contained a mixture of IFN-␥ producing Th1 cells and IL-4 secreting Th2 cells. To create populations of either Th1 or Th2 cells, we stimulated naive lymphocytes from DO11.10 mice with their appropriate antigenic peptide in the presence of IFN-␥ and IL-4 neutralizing Ab to produce Th1 cells, or in the presence of IL-4 and anti-IFN-␥ Ab to produce Th2 cells. As shown by intracellular cytokine staining, these priming conditions allowed us to develop relatively pure cultures of the individual T cell subsets (Fig. 3A) . Mixed, Th1, and Th2 CD4 ϩ T cells were then cocultured with OT-I CTL in the presence of K b /OVA 257-264 monomers (Fig. 3B) . Both Th1 and Th2 Th cells were equally capable of providing survival signals to CTL. In additional experiments, medium from Th cell cultures was centrifuged and filtered to remove Th cells. CTL were then resuspended in the CD4 T cell-conditioned medium before restimulation by K b /OVA 257-264 monomers and found to be as susceptible to AICD as those CTL placed in normal medium (Fig. 3C) . All of these cultures had similar levels of CTL death, indicating that soluble factors produced by Th cells were unable to protect CTL. To further test the potential role of Th cell-derived soluble factors in decreasing CTL AICD, we used culture vessels containing semipermeable membranes to physically separate the Th cells from CTL while still allowing diffusion of soluble factors. The CTL were then activated by K b /OVA 257-264 monomers, and viability was assessed 18 h FIGURE 2. CTL AICD involves the Fas/FasL pathway and can be prevented by the addition of CD4 ϩ Th cells without affecting CTL activation. A, Activated CD8 T cells were isolated from bulk lymphocyte cultures from B6 wt, lpr, or gld mice by magnetic bead separation and cultured in the presence or absence of anti-CD3 (1 g/ml, precoated for 2.5 h at 37°C). Percentage of specific cell death was measured as explained in the legend to Fig. 1 . B, Activated, CD8 T cells from OT-I and OT-I lpr mice were purified as above and cultured in the presence or absence of plate-bound K b /OVA monomer (0.2 g/ml precoated for 2.5 h at 37°C. After overnight culture, T cell viability was assessed with Annexin-V and 7-AAD and analyzed by flow cytometry. One representative experiment of three is shown. C, K b /OVA 257-264 monomers were coated onto 24-well plates at 1 g/ml for 2.5 h at 37°C. Previously activated, CD8 T cells from OT-I mice were rested for 2 h with or without an equal number of previously activated CD4 T cells from DO11.10 mice. Half of each T cell culture was transferred to K b / OVA 257-264 -coated plates and the other half was placed in wells without K b /OVA 257-264 . All cells were incubated overnight, and cultures were then collected and analyzed as described in Materials and Methods. Th cells derived from OT-II and B6 mice gave similar results (Fig. 2F and  data not shown) . D, Coculture of CTL with Th cells does not block effector function of previously activated CTL. CTL were incubated with 51 Cr-labeled B16 or B16-OVA targets in the presence or absence of activated Th cells. After 4 h of incubation, supernatant was analyzed for cytotoxicity using a 51 Cr release assay. Tumor cell lysis in the presence of Th cells only was Ͻ5% (data not shown). Data are representative of two separate experiments. E, Activated OT-I T cells were incubated with (Ⅺ) or without (f) solid-phase K b /OVA 257-264 monomers for 6 h, then stained for intracellular IFN-␥ expression as described in Materials and Methods. F, CD4 Th cells were purified from bulk T cell cultures from B6 wt and lpr mice. CD8 OT-I cells were preincubated for 2 h with B6 (Ⅺ), lpr (u), or without Th cells (f), then cultured overnight with the indicated concentrations of K b /OVA 257-264 . Percentage specific cell death was measured as described in Fig. 1 legend. Both B6 and lpr Th cells were equally efficient in reducing CTL AICD.
later. As shown in Fig. 3D , Th cells required cell-to-cell contact to protect the CTL against AICD, because the effect was absent in the cultures where the Th cells and CTL were separated by the semipermeable membranes.
Although costimulation is thought to be an essential component of naive CD8 T cell priming, it is not required for subsequent recognition of Ag-expressing target cells by effector CTL. However, the presence of costimulation upon subsequent Ag encounter could have an impact on the ultimate fate (survival vs death) of the CTL (14, 38, 39) . To assess the role of costimulation by Th cells in providing protection against AICD in CTL, we used plate-bound or soluble Abs to cross-link various costimulatory molecules together with K b /peptide monomers. As shown in Figs. 4, A and B, certain types of costimulation selectively altered CTL viability. Costimulation through CD2, CD48, and, to some extent, CTLA-4, showed a level of protection similar to what had been observed using Th cells. The protective effect of anti-CTLA-4 Abs may be due to dampening of the activating stimulus by the K b /monomers. These results also showed that costimulation via 4-1BB, CD30, CD27, and OX40 did not have an appreciable effect on CTL death in this model system. Costimulation via CD28 increased the level of CTL AICD, as has been observed previously (40) . The various Abs used in the above experiments had similar protective effects when used in either bound or soluble form (data not shown). Although several studies have that direct T cell-T cell interactions through CD40/CD40L are possible, when we tested both platebound Abs to CD40 and soluble rCD40L proteins, we found that they had no effect on CTL AICD (data not shown). We conducted several experiments using Abs to block cellular interactions by preincubating the Th cells with various Abs to cell surface molecules on the Th cells and found that they were still able to protect CTL (data not shown). These results are not unexpected given the ability of these Abs to protect CTL from AICD in both plate-bound and soluble form.
Although both anti-TCR (and anti-CD3) Abs and tetramers bind to the TCR, there are substantial differences in how they bind. Abs bind to various antigenic locations on the TCR, but more importantly, they bind with very high affinity and do not require any other protein interactions. Tetramers, in contrast, consist of MHC-I/peptide complexes and bind to the CDR1, CDR2, and CDR3 regions with much lower affinity than do Ab-Ag interactions. Furthermore, like all other TCR-MHC-I interactions, optimal tetramer binding requires the participation of the CD8 coreceptor. Disruption of lipid rafts reduces tetramer staining but does not alter surface TCR levels, indicating that tetramer binding to TCR requires lipid raft integrity (41) .
To determine whether the presence of Th cells alter expression of CTL surface markers, these molecules were analyzed on CTL restimulated in the presence and absence of Th cells. Restimulation of OT-I cells with plate-bound K b /OVA monomer altered the expression levels of some of surface molecule on CTL. As expected, CD25, CD44, and CD69 were markedly up-regulated, whereas CD62L levels decreased after restimulation. Notably, the levels of Fas, FasL, 4-1BB, TCR-␣, TCR-␤, and OX40 on CTL did not change in the presence or absence of Th cells (data not shown). Most interestingly, we observed consistent changes in tetramer staining of CTL in the presence of certain costimulatory signals. When CTL were pretreated with plate-bound Abs that block AICD (anti-CD2), tetramer staining of CTL was greatly increased (Fig.  4C) , whereas tetramer staining was not enhanced in the presence of isotype controls or Abs to costimulatory molecules that do not affect AICD (4-1BB). In all cases, total TCR levels, assessed by Abs to TCRV␤, remained constant (Fig. 4D) . Importantly, the increase in tetramer staining observed with anti-CD2-treated CTL also was observed when the CTL were cultured in the presence of Th cells (Fig. 4E) . Because total TCR levels on the CTL did not change under any of these conditions, these results indicate that the TCR molecules already present on the cell surface become more accessible to tetramer (MHC/peptide) binding.
In vivo effects of Th cells in CTL function
Having identified a novel mechanism of CD4 T cell help in ongoing CTL responses, we sought to determine a physiological role for this effect. We used the well-characterized B16-OVA tumor model to examine the role of Th cells in maintaining CTL responses to tumors. We first tested the ability of OVA-specific Th cells to protect mice from B16-OVA. Mice were immunized as described in Materials and Methods, and 12 days after immunization, mice were challenged with B16-OVA subcutaneously on the right flank (Fig. 5A) (42) . Tumors in the mice treated with either pan HLA DR-binding epitope (PADRE) or OVA 323-339 Th peptides grew with kinetics similar to tumors in the untreated mice. In the OVA 265-280 Th (another helper epitope that lies proximal to the OVA CTL epitope)-immunized group, one of five mice never developed tumor and survived for Ͼ4 mo after challenge, whereas the remaining mice developed tumors with growth kinetics similar to the other groups. Tumors in this group (OVA 265-280 ) were visible 2-3 days later than in the other groups, and in all groups, the tumor-bearing mice died within 2 wk of developing palpable tumors. Similar results were seen in a repeat experiment, except that all mice in the OVA 265-280 group also succumbed to tumor. The differences between the immunized groups were not statistically significant in either experiment. Because we were interested in examining the effect of Th cells on maintaining CTL responses, we next immunized mice with CTL peptide in the presence or absence of various Th epitopes. We allowed 3 wk for the primary immune responses to subside before tumor challenge. Several mice from each group were sacrificed on the day of tumor challenge to determine immune function in each group. CTL responses were quantified using both ELISPOT and chromium release assays. All immunized groups had similar numbers of Ag-specific CTL (Fig. 5B ) and had similar lytic activity against Ag-expressing tumor lines (data not shown). Despite the similar levels of cell-mediated immune responses in the primary lymphoid organs, when survival was monitored following tumor challenge, we saw significant differences between groups. As shown in Fig. 6A , nonimmunized animals rapidly succumbed to tumor within 3-4 wk, whereas mice immunized with both CTL and OVA Th peptides showed significantly greater protection than that seen with CTL peptide alone or with CTL peptide and the unrelated PADRE Th peptide. As we did not see differences in CTL responses in the lymphoid organs that would account for the anti-tumor immunity observed, we hypothesize that both tumorspecific CTL and Th cells are acting in a coordinated fashion at the tumor site to mediate rejection, possibly by enhancing CTL expansion or survival. In protected mice, tumors were too small for analysis, and for those tumors that did grow, once they were palpable they consisted mostly of necrotic tissue, which further hampered direct analysis of in situ immune responses. To circumvent this obstacle, we reimmunized mice as before and then pooled the lymph nodes from all animals within each group. We then purified both CD4 and CD8 T cells from the lymph nodes by magnetic beads using negative selection. Instead of in vivo tumor challenge, the CD8 T cells were cultured with EG.7 tumor cells in the presence or absence of CD4 T cells isolated from the same group. Fig.  6B shows the net expansion of these CTL cultures 8 and 17 days after restimulation. Although all of the CD8 T cell cultures initially expanded, only those cultures containing activated CD4 cells (groups immunized with PADRE, OVA 323-339 , or OVA 265-280 peptides) continued to expand beyond day 8. In each culture containing activated Th cells, we also saw fewer dead cells. Additionally, these experiments showed no difference between tumor-specific and irrelevant CD4 T cell help. These results indicate the in vitro presence of Th cells during restimulation with tumor allows for more robust expansion and decreased death of these CTL. A, Lymphocytes and splenocytes from D011.10 mice were cultured under normal conditions or under conditions promoting Th1 or Th2 development (as described in Materials and Methods) for 6 days. An aliquot of Th cells from each condition was then washed and put in fresh medium containing 3 g/ml Con A (SigmaAldrich). Two hours later, GolgiStop was added, and the cultures were incubated for another 4 h. The T cell cultures were collected and stained for intracellular INF␥ and IL-4 using BD Pharmingen's Cytofix/Cytoperm kit according to manufacturer's protocol. B, Purified Th cells from the Th1, Th2, and mixed cultures, characterized as described in A, were preincubated for 2 h with CFSE-labeled CTL and then transferred to K b /OVA 257-264-coated wells. After overnight culture, CTL viability was assessed with Annexin-V and 7-AAD and analyzed by flow cytometry. C, OT-I cells were preincubated for 2 h in normal or Th-conditioned medium (medium collected after centrifugation/filtration of Th cell cultures), and transferred to K b -OVA 257-264 -coated wells. Percentage specific cell death was measured as described in the legend to Fig. 1 . D, Th cells were either placed in culture together with OT-I CTL or were separated by a semipermeable membrane chamber. T cell cultures were then transferred to K b /OVA-coated plates and incubated overnight. After overnight culture CTL viability was assessed as described above. Data are representative of three separate experiments.
FIGURE 4.
Costimulatory signals affect both AICD and TCR tetramer staining. K b /OVA monomer (0.2 g/ml) was coated onto 24-well plates at for 2.5 h at 37°C, and the plates were then washed 2ϫ with PBS. A, The plates were then coated with 5 g/ml of the indicated Abs for an additional 2.5 h and extensively washed before the addition of OT-I cells. Isotypematched rat IgG (f) is the negative control for this experiment. The plates were then cultured overnight before determining the percentage specific cell death (measured as described in Fig. 1 legend) . B, Identical experiment as described in A, but these Abs were of hamster origin, so the results are compared with hamster (Ham) IgG (f). Five micrograms per milliliter of the indicated Abs was added to each well concurrently with OT-I cells, and percentage specific cell death was measured as described above. C-E, A total of 1 ϫ 10 6 OT-I cells was treated with 5 g/ml anti-CD2 Ab, control Ab (isotype-matched Ig), or Th cells for 2 h before transfer to K b -OVAcoated plate. After overnight culture cells were stained with PE-labeled K b /OVA 257-264 tetramer (C and E) or with Abs to V␤5.2 (D).
Discussion
In this study, we have developed a model system in which to study CTL AICD in an Ag-specific manner. Two lines of evidence overwhelmingly indicate that Fas-FasL interactions are required for CTL death in our system: 1) lpr and gld mice exhibit greatly decreased susceptibility to AICD, and 2) Fas/FasL signaling inhibitors or CI also block AICD. We did not see any decrease in AICD with inhibitors of TNF-␣ signaling or with TNFR KO mice. Other groups have shown a role for TRAIL in AICD of CTL (23, 24) . In our study, we observed inhibition of cell death by blocking the TRAIL pathway but the protective effect of inhibiting TRAIL was variable and did not quite meet the cutoff for statistical significance. Although our findings are in line with numerous other reports showing that murine CTL are sensitive to Fas/FasL-mediated AICD (43) (44) (45) (46) (47) , as mentioned in the Introduction, there is considerable controversy over the apoptotic pathways operating on CD8 T cells undergoing AICD. The different results seen by various groups may be related to numerous factors including the type of T cells used (cloned CTL lines vs freshly isolated T cells), the type of stimulation (in vitro vs in vivo, with peptide vs mitogen), and the length of time between priming and restimulation. There also are additional mechanisms that down-regulate T cell responses. Several reports have shown that activated CTL can enter an anergic state termed Ag-induced nonresponsiveness (AINR). These CTL are unable to produce IL-2 yet retain both lytic function and the ability to secrete IFN␥ and can be rescued by the addition of exogenous IL-2 (48, 49) . These findings are different from our results, which show that CTL are actively dying and that this death cannot be reversed by the provision of exogenous cytokines. These differences highlight the divergent mechanisms used to curb T cell responses. In fact, all CTL cultures in our study were maintained in IL-2, which may have bypassed AINR and allowed the cells to continue to the stage where AICD played a role. In addition, we used CTL cultures 7-10 days after initial stimulation, whereas typical AINR is thought to occur 3-4 days after stimulation. Cytokine deprivation is another circumstance by which T cell responses are shutdown. As Ag becomes limiting, cytokine levels decrease and T cells begin to undergo apoptosis. This mechanism of T cell death has been shown to be Fas independent and to be controlled by Bim, a pro-apoptotic member of the Bcl-2 family (50, 51) . Again, the present study may have avoided this type of cell death by the addition of IL-2 to the CTL cultures. This additional program of T cell death further illustrates the redundant mechanisms by which the immune response is shut down. The common theme to each of these pathways is that CTL responses are tightly controlled by the availability of CD4 T cell help. In the case of cytokine deprivation and AINR, Th cells provide the critical cytokines to CTL, whereas in the case of AICD, direct costimulatory signals from Th cells can block CTL death. These different regulatory mechanisms are likely to be involved at different time points along the developmental pathway of an effector CTL, with AINR coming into effect shortly after stimulation to ensure that primary CTL responses to do not undergo additional unnecessary expansion, whereas cytokine deprivation and AICD act later to ensure that immune responses are curtailed at the appropriate time. A key finding in our study is that the presence of CD4 Th cells at the site of Ag recognition by activated CTL may be able to significantly decrease CTL AICD. This novel mechanism of T cell help may explain, in part, the dependence of both long-term CTL responses and CD8 T cell memory on Th cells. Our results indicated that this protective signal did not affect CTL activation, cytokine secretion or cytolytic activity. One published report indicates that Fas ϩ B cells are able to protect T cells from AICD by redirecting FasL expression on T cells away from those T cells (52) . It was a distinct possibility that the Th cells were acting through a similar mechanism to protect CTL. However, given that both wt and lpr Th cells were equally capable of protecting CTL, the protective effect cannot be explained by Th cells sequestering FasL. Our results indicate that cytokines, either individually or in combination (such as Th-conditioned medium), were unable to alter CTL susceptibility to death, nevertheless we cannot rule out the possibility that they modulate the survival signal provided by direct contact with Th cells. Our data show that cell-to-cell contact was essential for this protective effect, and that mimicking costimulation by the use of plate-bound Abs to certain molecules (CD2 and CD48) also was able to protect CTL from AICD. Blocking experiments to abrogate this cell-cell signaling were inconclusive, and we are not able to pinpoint Th-mediated survival signals to any single cell surface molecule. The Abs used may not block receptor-ligand binding or may bind to CTL once the two cell types are mixed. A more straightforward approach to study the role of these costimulatory molecules would be to use Th cells from receptor or ligand KO mice. However, these experiments would be quite complex because multiple costimulatory molecule pairs can work in concert or synergistically to promote CTL survival.
We should point out that the CD8 and CD4 T cells used in our studies express both CD2 and CD48, so if CD2 or CD48 were solely responsible for the protective effect, it is unclear why CTL could not provide this signal to one another. One explanation for this may come from the fact that we noticed a considerable decrease in CD2 expression on CTL undergoing apoptosis and it may be that the Th cells maintained the high levels of CD2 necessary to provide the protective signal (data not shown). As costimulation is known to aggregate TCR into lipid rafts, we hypothesized that both Th cells and plate-bound Abs to certain costimulatory molecules redistribute the TCR on the CTL surface in a manner where it becomes more accessible for MHC-I peptide binding. We were able to detect significant changes in tetramer binding, and consequently, lipid raft aggregation on CTL in the presence of both Th cells and Abs known to reduce AICD. Such redistribution of TCR on the cell surface would alter TCR signaling events and could be responsible for the increased survival of CTL in the presence of Th cells. The overall results illustrate a novel mechanism of CD4 T cell help for CTL immune responses by providing close-range survival signals, which may promote viral or tumor clearance by prolonging CTL responses at the Ag site. The requirement for close contact between Th cell and CTL is reminiscent of the contacts between Th cell and APC with respect to CD40 -CD40L interactions, and more recently, directed cytokine secretion targeted toward the APC (53) .
It is clear that more work needs to be done to elucidate the intracellular changes that occur in protected CTL that confer resistance to AICD. Preliminary results have not shown significant changes in key components of the Fas/FasL pathway, and more work needs to be done to shed light on the mechanism(s) of protection. Although our in vitro experiments did not directly address the need for Ag-specific CD4 T cell help, the requirement for close physical proximity between Th cells and CTL would indicate that Ag specificity is essential. This hypothesis is supported by our in vivo tumor protection studies and in published results from other groups showing the necessity of Ag specific Th cells for optimal tumor protection (54, 55) . Our in vitro studies clearly showed that CD4 Th cells in close proximity to CTL re-encountering Ag are able to protect the CD8 T cells from AICD (Figs. 2, C and F, and  3, B and D) . There are several lines of evidence to indicate that this effect may play a role during in vivo immune responses. First, optimal tumor protection in our in vivo studies was dependent on Ag-specific Th activity (Fig. 6A) . Tumor challenge occurred after the peak of the primary immune response, and we did not detect significant differences in either CTL numbers or effector function that could account for the differences in protection. This, as well as the fact that the nonspecific Th epitope, PADRE, did not provide protective immunity, indicates that the improved protection was likely due to a local effect at the tumor site. Although we were unable to examine immune responses directly in the tumor, we do show that in vivo primed CTL, once cultured with tumor cells in the presence of Th cells, exhibit sustained expansion, whereas CTL cultured in the absence of Th cells exhibit a brief expansion followed by significant decrease in cell numbers. The results from our in vitro model indicate that substantial numbers of CTL are undergoing AICD upon encounter with Ag-expressing tumor cells, and that in the presence of Th cells, this AICD is significantly reduced. One outcome of this protective effect is illustrated by the noticeable increase in CTL cytotoxicity in the presence Th cells (Fig. 2D) . This enhanced killing effect also is one possible explanation for the improved tumor protection seen with both CTL and Ag-specific Th cells.
Although the exact mechanism of specific protection of CTL by Th cells is still unknown, our data support the following model of protection: Th cells present at the tumor site are able to physically interact with CTL via adhesion and costimulatory molecules. This interaction provides survival signals through costimulatory molecules (such as CD2) to the CTL, leading to lipid raft aggregation and TCR recruitment into the lipid rafts. This, in turn, alters the signals received by the CTL upon interaction with an Ag-expressing target cell. Under normal circumstances, CTL-target cell interactions lead to two signals in the CTL: 1) the release of perforin/ granzymes onto the target cell, and 2) a death-inducing stimulus for the CTL. These CTL are able to kill a limited number of target cells before succumbing to AICD. Protected CTL receive additional antiapoptotic stimuli that increase resistance to AICD allowing them to persist at the Ag site. We postulate that these helped CTL would be better able to clear infection/tumor and also may be more likely to generate a CD8 T cell memory pool. These close interactions between Th cells and CTL are most likely to occur in either the lymphatics or at the site of Ag deposition where enclosed space or chemokine gradients have drawn sufficient numbers of both CD4 and CD8 T lymphocytes together for the cellto-cell contact to occur. The implications of this are far reaching and can have significant impact on the immune responses. This antiapoptotic effect may explain, in part, the need for CD4 T cell help to maintain CTL responses to viruses such as lymphocytic choriomeningitis virus, CMV, HIV, and hepatitis viruses (56 -58) as well as the ability of Th cells to contribute to autoimmune disease (59, 60) . Immune regulation of CD4 T cell help can, therefore, control the outcome of CTL responses, and the data presented here show that the presence of Th cells can promote CTL longevity, possibly facilitating clearance of the infection and generation of CD8 T cell memory.
Although the importance of CD4 cells in CTL responses is recognized, only a few mechanisms have been put forth to explain their dramatic effects on effector function of CTL. In this study, we have shown a novel mechanism of T cell help. By providing direct survival signals to CTL, Th cells block AICD and increase the functional life span of the CTL response. By allowing more CTL to escape AICD, Th cells also may promote greater CTL memory generation. This mechanism has direct implications for the outcome of immune responses to tumors and pathogens and may be a factor in autoimmune disease as well. Further work is needed to elucidate the exact mechanism(s) by which Th cells protect CTL and to further define the physiological role of this protective effect. Future studies also should examine the duration and timing of the protection provided by Th cells. On one hand, this signal may function similarly to CD40L conditioning of APC. Just as conditioned APC are then able to fully stimulate CTL responses without subsequent need for Th cells, protected CTL may exhibit sustained protection from AICD, enabling them to clear Ag. Alternatively, provision of this protective signal may need to closely coincide with Ag restimulation, thereby providing regulatory control to limit the ability of CTL to escape apoptosis.
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